By applying a state-of-the-art angle-resolved photoemission to LiFeAs, the only stoichiometric pnictide superconductor without magnetic ordering, we identify a clear fingerprint of the phonon spectrum in the fermionic self-energy and estimate the electron-phonon coupling strength, which appears to be sufficient to mediate the superconductivity. This result suggests that the superconductivity in pnictides could be based on the conventional phonon pairing enhanced by the van Hove singularity in the electronic density of states and by the strong electron-electron interaction.
I. INTRODUCTION
The ability of phonons to mediate high-temperature superconductivity 1 has been highly debated since the initial discovery of the superconducting cuprates, but has remained uncertain until now. In particular, the question about a pairing glue has been difficult to answer, since experimental evidence has been provided for both the phonons 2 and the spin fluctuations. 3 The iron-based pnictides, a newly discovered family of high-T c superconductors, seem to provide a clear case where the phonons definitely lose to spin fluctuations in the nomination for the most-expected pairing glue, because many of the previous estimates have suggested that the electron-phonon coupling in ferropnictides is by far insufficient to mediate the pairing. 4, 5 To confirm such conclusions, the experimental determination of the role of phonons and spin fluctuations in pnictides is required.
The fermionic self-energy, the distribution of which in the momentum-energy space can be measured by angle-resolved photoemission spectroscopy (ARPES), is the first quantity to look for fingerprints of the interaction responsible for the superconducting pairing. 6 Such an idea has been applied to superconducting cuprates, 3, [7] [8] [9] but its direct application to pnictides was not possible due to the essential threedimensionality of the electronic band structure 10 and magnetic ordering. 11 In this paper, we report the investigation of the fermionic self-energy in LiFeAs, which may become a key compound for the pnictide puzzle since it does not show any static magnetic ordering, but has a rather high critical temperature (T c = 18 K) (Refs. [12] [13] [14] and a sizable isotropic superconducting gap with 2 /kT c = 4. 15, 16 From an experimental point of view, LiFeAs provides a simplest case among the other pnictides for the following reasons. First, it is a stoichiometric compound that exhibits superconductivity at ambient pressure without chemical doping, [12] [13] [14] thus it can be easily studied by the experimental techniques which require clean samples without impurities. Second, it reveals a perfectly two-dimensional Fe-3d xy electronic band, 15, 17, 18 well separated in momentum space from other bands, which makes it possible to precisely derive the quasiparticle self-energy 9 from ARPES spectra and analyze its fine structure. 19, 20 Finally, LiFeAs cleaves between the two layers of Li atoms resulting in equivalent and neutral counterparts, 21 offering a unique opportunity to overcome the problem of polar surface that can be crucial for the surface-sensitive methods.
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II. EXPERIMENT AND RESULTS
ARPES experiments have been performed at the "1 3 " beamline at BESSY equipped with an SES 4000 analyzer and 3 He cryo-manipulator, with the lowest temperature on the sample below 0.9 K. The spectra for the analysis of the dispersion and scattering-time anomalies have been measured along several cuts (cuts 1 and 2 in Fig. 1) , the position of which in the reciprocal space and excitation energy have been optimized for the maximum of photoemission intensity at 4 meV, and 0.01Å −1 of the energy and momentum resolution, respectively. Cut 3 has been resampled from the map. The experimental statistics in this cut (∼40 counts per pixel) is 20-40 times lower, but still sufficient to measure the width of the momentum distribution curves (MDCs) 23 down to −0.1 eV, and determine the width of the energy distribution curves (EDCs) at the bottom of the band at about −0.2 eV.
Figure 1(a) presents the Fermi surface map of LiFeAs, where the band of interest is contoured by the dotted line. The systematic ARPES study of this band 15 shows that it is really strongly two-dimensional: neither its position nor width vary with excitation energy and polarization. the map data, from which we can estimate the behavior of the self-energy on the energy scale of the bandwidth.
III. DATA ANALYSIS
Extracting the self-energy from ARPES spectra is, in general, a nontrivial problem which requires certain assumptions (see Ref. 20 and references therein). Nevertheless, one can reveal the structure of the underlying bosonic spectrum analyzing the details of MDC dispersion or MDC width for a strongly dispersing band. On the other hand, one can estimate the value of the scattering rate directly from the EDC width for a weakly dispersing band. For the Fe-3d xy band, which in LiFeAs is well separated from other bands in kω space, we can combine both the MDC and EDC analysis.
A. Multiple phonon modes from MDC dispersion
Figure 2(a) shows the experimental dispersions, i.e., the positions of the MDC maxima as a function of energy, for cuts 1 and 2. Except for a tiny effect of the superconducting gap in the close vicinity (∼3 meV) of the Fermi level, the variation of band dispersion with temperature is negligible. Importantly, all the dispersions reveal three sharp kinks. Such kinks in the experimental dispersion are usually a consequence of the interaction of the electrons with sharp modes residing at the kink energies in a bosonic spectrum. [7] [8] [9] 19, 20 All three kinks are clearly seen on the temperature-integrated and smoothed-dispersion curve (solid yellow curve), the straight segments of which are highlighted by the dotted lines. Taking the second derivative of this dispersion (dotted yellow curve in the inset) reveals the kink positions in a form of clear peaks.
The energies of the observed kinks are remarkably close to the energies of the optical-phonon modes (indicated by the vertical dashed lines): 15, 30, and 44 meV, recently calculated for this compound. 5 The lowest kink corresponds to the lowest phonon mode (121 cm −1 E g ) and the highest kink corresponds to the highest mode (356 cm −1 A 1g ), while the middle kink fits to the energy of one of the intermediate phonon modes such as 240 cm −1 E g .
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B. Bosonic spectrum from MDC width
Now we turn to the quasiparticle scattering rate, or the imaginary part of the self-energy , which is inversely proportional to the quasiparticle lifetime. Observing such a clear fingerprint of the bosonic spectrum in the experimental dispersion, the fine structure of which is entirely associated with the real part of the self-energy, one should expect to see a very similar structure in its imaginary part.
In principle, the scattering rate is an even more appropriate quantity to look for the details of the bosonic spectrum, since their relation is much simpler. Indeed, for a momentumindependent phonon (generally, boson) spectrum F ( ) and electron-phonon coupling α, the phononic contribution to the imaginary part of the quasiparticle self-energy can be written as
where
, n and f stand for the Bose and Fermi functions, respectively, and N (ω) is the density of electronic states (DOS). Then, for N (ω) = const, and zero temperature, we have
So, in the most trivial case of isotropic electron-boson coupling, constant DOS, and zero temperature, the bosonic spectrum simply coincides with the differential scattering rate. 19, 20 So, the second derivative of the MDC dispersion, though not revealing the true profile of α 2 F ( ), still gives a good estimate for the positions of the peaks in the bosonic spectrum.
In Fig. 2(b) , we show the MDC width k, which is simply proportional to , 20 along the same two cuts over the same energy range as in Fig. 2(a) . The first derivatives of integrated k(ω) dependences, shown in the inset, reveal the bosonic spectrum that is peaked at the same frequencies (slight displacements of the highest modes from 44 meV is a natural influence of the noise, which highly increases with binding energy) and is remarkably similar to the phonon density of states derived from the phonon dispersions calculated in Ref. 
C. Coupling strength from MDC dispersion
The contribution to the quasiparticle scattering rate of the phonon spectrum, which is confined below 44 meV, should saturate above that energy. This is exactly the case as one can see in Fig. 2(b) . Since the real part of the self-energy rapidly decreases below the cutoff of the phonon spectrum, we can neglect its contribution to the total renormalization soon after this energy, and estimate the phonon coupling constant from the dispersion curves ε(k). Formally, this can be done if the band velocity can be defined simultaneously by two equations: v = dε/dk = ε/(k − k F ). The dotted and solid lines on the dispersion curve from cut 2 in Fig. 2(a) represent the low-energy experimental dispersion (that includes the renormalization by phonons) and the dispersion as it would be without coupling to phonons. Their velocities are v L = 0.24 eVÅ and v H = 0.35 eVÅ, respectively, and, assuming that the velocity of the phonon undressed band does not change much in this energy range, the value λ ph = v H /v L − 1 = 0.46 gives an electron-phonon coupling strength renormalized by other nonphononic interactions, as discussed below.
In order to show that the phonon undressed dispersion can indeed be considered as linear in the region of interest, we approximate it by the cosine function that goes through the bottom of the measured band and the Fermi crossing k F , as shown in Fig. 3 . This is in line with the aforementioned assumption that the effect of renormalization by phonons can be neglected below −50 eV. One can see that the region of interest (between 0.38 and 0.55Å −1 ) is in the middle of the band, so the change of the band velocity in this range can be neglected: Even the change of the band velocity between the Fermi level and −50 meV, where v is maximal (the corresponding momentums refer to vertical lines 1 and 2, respectively), is less than 5%, which is certainly within the accuracy of the estimates made in this paper. Moreover, for the actual momentums at which v L and v H are determined (shown by lines 1 and 3, respectively), the effect of nonlinearity is even less, i.e., within 3%.
D. Self-energy scale and EDC width
Can the electron-phonon interaction, which we have identified and evaluated, be responsible for the strong (factor of 3) renormalization of the bandwidth? 15 Evidently not, since its contribution to the quasiparticle self-energy is confined within the energy range of phonons (44 meV). In order to understand the missing mechanism for the strong renormalization, in to the same quantity measured along the nodal direction in a cuprate superconductor, that is, the optimally doped (Bi,Pb) 2 Sr 2 Ca 2 CuO 8−δ (BSCCO). 8 The relation of the MDC width with and quasiparticle lifetime τ is simple:h/τ = = v F k, provided the Fermi velocity of the bare electrons v F is known. 20 Taking here v F ≈ 1 eVÅ, 15, 17, 18 we add the energy scale as the right axis to Fig. 4 .
From the overview plot, one can see that the phonons are not the only contributors to the scattering rate. The phonon-related step develops on a background of another contribution, which shows linear dependence on energy both below (as indicated by the blue dashed line in Fig. 4 ) and above the phonon energy range, and tends to saturate above 100 meV so that the total scattering rate reaches ∼80 meV. The saturated value of can be estimated from the band broadening at its very bottom [see Fig. 1(b) ], where the EDC half-width gives the same 80 meV. This is shown in Fig. 4 by the circle (the horizontal error bars represent the uncertainty in ). This is independent evidence that 1 eVÅ is a good estimate for v F , and, consequently, that the renormalization factor of 3 in LiFeAs is caused mainly by the nonphonon scattering channel, which is natural to associate with an electron-electron scattering 8 with λ el = 2.
IV. DISCUSSION
A. "Bare" electron-phonon coupling Now one can estimate the "bare" electron-phonon coupling λ ph . Assuming that the self-energy contributions are additive, then total λ = λ ph + λ el . 24 From the definitions of
, and λ ph , we have
So, λ ph = 1.38 and λ ph = 0.46 give the strength of the coupling to phonons of the bare electrons and the electrons renormalized by the electron-electron interaction, 6 respectively. Both the values are essentially larger than the calculated λ 
there is an opinion that the phonon coupling in LiFeAs is by far not sufficient to explain the onset of superconductivity at 18 K. 5 So, it is interesting to reevaluate the T c with the experimental estimates for λ ph in hand.
Although which parameter, λ ph or λ ph , is more relevant here is not straightforward, 6 ,24 the direct substitution of both values in this formula (keeping the same ω D = 100 K and μ * = 0.13) increases T c from 0.005 to 0.5 and 10 K, respectively. It is worth mentioning that substitution of the renormalized value λ ph into the original BCS formula,
with the same ω D , gives T c = 13 K. Based on the extensive studies of the limitations of the McMillan's formula and its modifications, 1, [28] [29] [30] it is easy to assume that the remaining difference will be eliminated by taking into account the real spectrum of phonons, 28 real electronic density of states, [29] [30] [31] and the intraband electronboson scattering. 32 While the evaluation of the contributions of each of those mechanisms toward the further increase of the T c waits for the numerical solution of the Eliashberg equation, our study suggests that the electronic band structure itself plays an important role. The linear electron-electron scattering rate (see Fig. 4 ) is a well-known signature of an extended van Hove singularity (vHs) residing at the Fermi level. 30 The extended vHs is, in fact, observed as a flattening of the other band at the Fermi level in the center of the Brillouin zone [ Fig. 1(b) ], as discussed in detail in Ref. 15 . The ability of vHs to increase the critical temperature considerably is well known and has been discussed extensively for the cuprates.
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C. Electron-electron interaction
An evident reason for a much larger value of λ ph , compared to the theoretical estimates, is that the fermionic DOS is higher than expected. Since the two mechanisms of the DOS enhancement, the strong renormalization and the vHs, seem to be common for the pnictides, 15, 33 resolving their microscopic origin can be a key to solving the problem of superconductivity in these compounds.
Besides the straightforward Coulomb interaction, 6 there is a possibility that the observed electron-electron scattering is dominated by electron coupling to the spin fluctuations, which are generally expected to be strong in all the ferropnictides 34 and have been reported in LiFeAs by NMR study. 35, 36 If the spin fluctuations are really strong in LiFeAs, they can help to increase the T c either indirectly, contributing to the DOS enhancement, or by providing another nonphonon mechanism for the superconducting pairing. 34, 37 V. SUMMARY We have observed and identified the fingerprints of the phonon spectrum both in the experimental dispersion and in the lifetime of fermionic quasiparticles associated with the Fed xy band of LiFeAs. The estimated electron-phonon coupling strength is found to be substantially larger than the calculated one, 4, 5 as well as those derived from recent optical pump-probe experiments, 38, 39 and even those that can be estimated for the cuprates assuming that the nodal kink there is formed solely by phonons.
2 Since similar electron-phonon coupling is expected for all the pnictides, this suggests an important role of phonons for the mechanism of pairing in these compounds. One may note that the determined λ ph is in the intermediate crossover region, where the extended vHs, enhanced DOS, and high T c could be also explained by the strong-coupling polaronic superconductivity. 40 On the other hand, the strong electronelectron coupling, for which the evidence in the fermionic lifetime is also present, suggests that the spin fluctuations may play an important role in increasing T c to even higher values.
